NgBR is a transmembrane protein identified as a Nogo-B-interacting protein and recently has been shown to be a subunit required for cis-prenyltransferase (cisPTase) activity. To investigate the integrated role of NgBR in vascular development, we have characterized endothelial-specific NgBR knockout embryos. Here, we show that endothelial-specific NgBR knockout results in embryonic lethality due to vascular development defects in yolk sac and embryo proper. Loss of NgBR in endothelial cells reduces proliferation and promotes apoptosis of the cells largely through defects in the glycosylation of key endothelial proteins including VEGFR2, VE-cadherin, and CD31, and defective glycosylation can be rescued by treatment with the end product of cisPTase activity, dolichol phosphate. Moreover, NgBR functions in endothelial cells during embryogenesis are Nogo-B independent. These data uniquely show the importance of NgBR and protein glycosylation during vascular development.
Introduction
Nogo-B receptor (NgBR) was initially identified via expression cloning as an interacting protein necessary for Nogo-B (also called reticulon-4b)-stimulated chemotaxis and tube formation of endothelial cells in vitro [1] . Mechanistic studies using the C-terminus of NgBR as bait in a yeast two-hybrid screen identified an interaction of NgBR with Niemann Pick C2 protein (NPC2) and deficiency of NgBR destabilized NPC2 and promoted the lysosomal accumulation of free cholesterol [2] . More recently, it is clear that NgBR is an evolutionary conserved subunit of cis-prenyltransferase, a enzymatic activity critical for the synthesis of dolichol, an obligate carrier of oligosaccharides for protein glycosylation reactions [3, 4] and may serve as a nexus regulating intracellular cholesterol versus protein glycosylation. Several studies suggest crucial roles of NgBR in vivo for embryonic and vascular development in mice and zebrafish [4, 5] , congenital disorders of glycosylation, and in cancer. Global deficiency of NgBR results in peri-implantation embryonic lethality before embryonic day (E)6.5, suggesting its essential role in early embryogenesis [4] . Patients harboring a mutation in the C-terminus of NgBR present clinical features of a congenital disorder of glycosylation [4] and deletion within the NgBR locus may predispose patients to pediatric epilepsy [6] . In addition, enhanced mRNA expression levels of NgBR have been shown in several human cancers including invasive ductal breast carcinoma and non-small cell lung carcinoma [7] [8] [9] .
The role of NgBR in the vascular development is of particular interest because it is crucial not only for all aspects of normal tissue function but also for tumor growth and survival. During embryonic development, endothelial cells (EC) start to form a primary vascular plexus in extraembryonic tissues via vasculogenesis [10] and the primary vascular plexus undergoes remodeling and organization via angiogenesis [11, 12] . Significant defects on vasculogenesis or angiogenesis during development leads to embryonic lethality, and many critical molecular pathways have been identified to be essential for vascular development. For example, vascular endothelial growth factor (VEGF) and its cognate receptors are crucial for the development of vascular system [13] .
Thus, the goal of the present study is to investigate the integrated role of NgBR in EC in vivo, using a conditional knockout system in mice. Here, we show that endothelial-specific NgBR deletion markedly impairs vascular development by reducing endothelial cell growth during early mouse embryogenesis. Moreover, the loss of NgBR reduces glycosylation of VEGFR2 in vivo and in vitro, an effect that can be partially rescued by exogenous dolichol phosphate. This effect is independent of Nogo-A/B since mice lacking Nogo-A/B knockout did not recapitulate the phenotype in the NgBR endothelial-specific knockout mice. Collectively, these results demonstrate that NgBR has a Nogo-B-independent role in vascular development by regulating protein N-glycosylation of key endothelial cell proteins such as VEGFR2, VE-cadherin, and CD31.
Results
Tie2-Cre-mediated ablation of NgBR leads to mid-gestation embryonic lethality with abnormal extraembryonic vascular development Previously, we have shown that global NgBR knockout mice are post-implantation embryonic lethal before E6.5 [4] . To overcome early embryonic lethality and to study functions of NgBR during embryogenesis, we used conditional NgBR mice with a floxed NgBR gene [4] . NgBR f/f mice were crossed to mice bearing a A Gross morphology of control and NgBR ECKO embryos at E8.5, E9.5, and E10.5. Scale bar, 500 lm.
B
Gross morphology of whole yolk sac at E9.5 and CD31 staining on yolk sac at E9.5 and E10.5 in NgBR ECKO and control embryos. The control yolk sacs exhibited large
Although there was no visible difference on NgBR ECKO embryonic development until E10.5, the mutants were easily identified from controls because their yolk sacs were dimpled and wrinkled at E9.5. Yolk sacs of control mice exhibited a well-organized vascular network consisting of both capillaries and large vitelline vessels ( Fig 1B, Table EV1 ). In mutant littermates, however, yolk sacs were poorly organized with dilated primitive capillaries and had no large vitelline vessels. In addition to the yolk sac phenotype, the placental vasculature was examined in control and NgBR ECKO embryos. In control placentas, the fetal vessels invaded the chorionic plate to establish the labyrinthine layer. However, the labyrinthine layers of mutants were markedly thinner compared to that of the control. Since fetal erythrocytes contain nuclei that stain with hematoxylin, fetal vessels can be distinguished from maternal vessels. Mutant placentas show dilated embryonic vessels and decreased numbers of embryonic vessels compared to controls (Fig 1C-F) . These results clearly show severely impaired extraembryonic vascular development in NgBR ECKO at E9.5, whereas embryonic vascular development was largely unaffected at this time point.
Inducible NgBR deletion in EC results in both embryonic and extraembryonic vascular defects Deletion of NgBR using the Tie2-Cre driver suggests that NgBR is essential for extraembryonic vascular development. However, it was unclear whether NgBR only functions in the extraembryonic vascular developmental program or whether NgBR ECKO embryos died due to the yolk sac vascular defect prior to embryonic vascular defects. To investigate embryonic vascular phenotypes, we used Chd5-CreERT2, a tamoxifen-inducible Cre line to temporally control NgBR deletion in EC [17, 18] . Deletion of NgBR was induced with tamoxifen (0.12 mg/g body weight) administration to pregnant females by oral gavage at E8.5 and E9.5, and embryos were harvested after 4 days. NgBR f/f ;Chd5-CreERT2 (NgBR iΔEC ) embryos displayed subcutaneous edema and extensive multifocal subcutaneous hemorrhages at E12.5 and E13.5 (Fig 2A, Table EV2 ), and mutant embryos were dead 5 days after tamoxifen injection. Examination of histological sections revealed dilation of subcutaneous microvessels and blood filled jugular lymph sacs at E13.5 in NgBR iΔEC embryos (Fig 2B) . CD31 immunofluorescent staining of NgBR iΔEC embryonic tissues including hindbrain, skin, and hindlimb showed reductions in vascular density and disorganized vascular networks compared to controls (Fig 2C) . In addition to embryonic tissues, yolk sacs of NgBR iΔEC display similar vascular defect that was shown in yolk sacs of NgBR ECKO at E9.5 ( Fig 2C) . These findings suggest that NgBR is required for both extraembryonic and embryonic vascular development. and quantification in I). We also confirmed increased apoptosis of EC using cultured MLEC (Fig 3J) . The endothelial loss of NgBR, however, did not result in any significant changes in neuron-glial antigen 2 (NG2)-positive pericyte distribution ( Fig EV2A) . Vessel regression, determined with collagen IV staining, did not change in NgBR-deleted EC compared to controls ( Fig EV2B) . Thus, the loss of NgBR in EC reduces growth and promotes apoptosis.
NgBR deletion in EC causes hypo-glycosylation of VEGFR2
Recently, NgBR has been shown to serve as a subunit of cisPTase and is required for dolichol biosynthesis in yeast and man [3, 4] . Dolichol is an obligate glycosyl carrier lipid in the biosynthesis of protein glycosylation reactions. To determine whether the vascular defects shown in NgBR ECKO and NgBR iΔEC animals are due to defective dolichol biosynthesis and protein glycosylation, we examined protein glycosylation levels in embryo or yolk sac lysates. Since VEGF signaling through VEGFR2 is essential for vascular development and VEGFR2 glycosylation is critical for its function [19, 20] , we initially examined VEGFR2 glycosylation. VEGFR2 is usually detected as two molecular weight species,~230 and~210 kDa on SDS-PAGE. We observed a molecular weight shift of VEGFR2 in yolk sacs of NgBR ECKO ( Fig 4A) and most VEGFR2 in the NgBR ECKO yolk sacs was detected at~150 KDa instead of at 230 or 210 KDa as in control lysates. Consistent with normal vascular phenotype in NgBR ECKO embryos, there were no overt differences in the migration of VEGFR2 in the embryo lysates ( Fig 4A) . The change in MW in yolk sac lysates was also detected in yolk sacs and embryos of NgBR iΔEC at E12.5 ( Fig 4B) with changes in the mobility of other glycosylated proteins, CD31 and VE-cadherin (VE-cad). To test this in vitro, EC were isolated from NgBR f/f mice and infected with Ad-GFP or Ad-CRE to induced excision of the NgBR locus (NgBR ΔEC ). As seen in Fig 4C , treatment of protein lysates from control and NgBR ΔEC with PNGaseF, to cleave N-linked oligosaccharides from glycoproteins, showed a complete band shift of VEGFR2 to~150-KDa form, implying that the band detected around 150 KDa is a non-or hypo-glycosylated form of VEGFR2.
To determine whether defective VEGFR2 glycosylation influenced VEGF receptor activation, the tyrosine phosphorylation on Y1175 was examined. The phosphorylation of VEGFR2 was reduced in NgBR ΔEC MLEC compared to controls ( Fig 4D) . To evaluate whether the defects in glycosylation were due to reduced dolichol content in NgBR-deleted EC, we measured dolichol levels in NgBR ΔEC MLEC and control by mass spectrometry (Fig EV3A and   B A Whole-mount view of NgBR iΔEC mutant and control embryos at E12.5 and E13.5 after tamoxifen administration at E8.5 and E9.5, respectively. Hemorrhagic lesions (arrows) and subcutaneous edema (yellow arrowheads) were observed in NgBR iΔEC mutants. Scale bar, 2 mm.
B Histological analysis of NgBR iΔEC mutant and control embryos at E13.5 after tamoxifen administration at E9.5. Cross sections of the embryos were stained with hematoxylin and eosin. a, aorta; v, vein; jls, jugular lymph sac. Scale bar, 1 mm. C Immunofluorescence staining with CD31 on various tissues in NgBR iΔEC mutant and control embryos at E12.5 after tamoxifen administration at E8.5. Scale bar, 100 lm. Data information: Scale bar, 100 lm. *P < 0.05. P-values were calculated by unpaired Student's t-test. Data are mean AE SEM, n = 7-12 per group.
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VE-cad and increased ER stress markers 5 and 7 days later implying a kinetic delay in dolichol synthesis, N-glycosylation, and protein turnover (Fig 4E) . Previous work has shown that the complex of NgBR and hCIT is required for polyprenol and dolichol synthesis [4] . Dolichol is phosphorylated by dolichol kinase to make dolichol phosphate (Dol-P), and Dol-P acts as the carrier in the assembly of pyrophosphate-linked oligosaccharides for protein N-glycosylation. There is evidence that [H 3 ]Dol-P can be processed into lipid-linked oligosaccharides [21] ; however, the effects of Dol-P on protein glycosylation in the cells with glycosylation defects have never been addressed. To investigate whether Dol-P could rescue defects in NgBR KO cells, Dol-P was added to culture media and protein lysates were collected at 72 h after supplementation. As shown in Fig 4F , Ad-GFP-infected cells show no differences in glycosylation of VEGFR2, CD31, and VE-cad between vehicle (DMSO) and Dol-P treatment. Remarkably, Dol-P supplementation in the media increased the levels of glycosylated endothelial proteins and reduced the levels of non-glycosylated forms, suggesting that Dol-P supplement can rescue the glycosylation defects in NgBR-deficient cells. Next, we examined whether the glycosylation and trafficking of the VEGFR2 to the cell surface were affected in NgBR-deficient cells in a Dol-P-dependent manner. Cell surface proteins of NgBR ΔEC and control MLEC were biotinylated and captured on NeutrAvidin beads. NgBR deletion strongly reduced the levels of VEGFR2 on the cell surface, and this effect was rescued by Dol-P supplementation (Fig 4G) . Finally, to test whether rescue of glycosylation in Dol-Ptreated cells can improve cellular functions in cells lacking NgBR, we examined cell proliferation and apoptosis with or without Dol-P supplement to NgBR KO cells (Fig 4H and I) . Both proliferation and apoptosis defects in NgBR KO EC were partially rescued by Dol-P supplementation.
NgBR functions in EC during development are Nogo-B independent
NgBR was discovered as a protein that interacted with reticulon 4B, also called Nogo-B [1] . In zebrafish embryos, the loss of zNogo-B using MO injection reduced intersomitic vessel formation during embryogenesis [5] . Therefore, we investigated whether the loss of Nogo-B affected NgBR function in vivo. Nogo-A/B À/À females [22] were crossed with NgBR ;Chd5-CreERT2 embryos were macroscopically indistinguishable compared with CD31 staining in hindbrain of those embryos that also did not show significant vascular defects (Fig EV4A) . To address whether or not the levels of Nogo-B influenced EC glycosylation levels, MLEC were isolated from control, NgBR f/f and Nogo-A/B KO mice, and VEGFR2 glycosylation levels were compared (Fig EV4B) . Unlike NgBR KO MLEC, the loss of Nogo-A/B in MLEC had no effect on VEGFR2 glycosylation. Also, the genetic deletion of Nogo-A/B in fibroblasts had no effect on cisPTase activity (Fig EV4C) . Collectively, these results show that there is no genetic epistasis between Nogo-B and NgBR during vascular development, and NgBR functions on cisPTase activity and protein glycosylation are Nogo-B-independent.
Discussion
Our results reveal an essential role of NgBR in vascular development during mouse embryogenesis. Here, we show that the loss of NgBR in EC results in early embryonic lethality due to failure to form proper vascular structures in both extraembryonic and embryonic tissues by regulating protein N-glycosylation. Furthermore, we have shown that during early embryonic development, NgBR has a Nogo-B-independent role in vascular development in the mouse. These data uniquely define the role of NgBR in the glycosylation of endothelial proteins, essential for vascular patterning.
A main function of NgBR in EC during embryogenesis
Previously, we have shown that ablation of NgBR in the mouse results in early embryonic lethality before E6.5 [4, 23] and vascular defects in zebrafish [5] . Due to early embryonic lethality, detailed studies on NgBR functions have not been done. To address in vivo functions of NgBR during embryogenesis in EC, we utilized a conditional knockout approach in mice. In both NgBR ECKO and NgBR iΔEC embryos, vascular developmental defects were observed and the phenotypes were correlated with defective protein glycosylation. The defective glycosylation in the EC was clearly shown by the accumulation of a low apparent molecular weight VEGFR2 species and increased ER stress markers both in vivo embryos and in vitro ▸ lysates were collected at day 3, 5, and 7 after virus infection. F Rescue of EC glycosylation defects with Dol-P treatment. After 2 days of Ad-GFP or Ad-Cre infection of NgBR f/f MLEC, Dol-P (50 lg/ml) was added for additional 72 h. Cell lysates were collected and EC protein glycosylation detected by Western blotting. Data are representative of 3-5 independent experiments. G Dol-P rescues surface expression of VEGFR2. Surface protein biotinylation of MLEC infected with Ad-GFP (Ctrl) incubated with DMSO and Ad-Cre (iΔEC) incubated with DMSO or Dol-P (50 lg/ml). HSP90, a control intracellular protein, was present only in the input fraction. H, I Proliferation (H) and caspase-3 activity (I) of NgBR-deleted MLEC with Dol-P supplementation. *P < 0.005. P-values were calculated by unpaired Student's t-test.
Data are mean AE SEM from 3 independent experiments. cell culture system. These novel data supports that a main function of NgBR during development is as a subunit of cisPTase, which is required for polyprenol and dolichol biosynthesis and ultimately, protein glycosylation. In Saccharomyces cerevisiae, deletion of ALG genes which add monosaccharides to dolichol for protein N-glycosylation reactions promotes cell cycle arrest [24] . Moreover, tunicamycin, a well-characterized inhibitor of the early steps in glycoprotein synthesis, inhibits cell proliferation and induces apoptosis of bovine microvascular EC [25, 26] consistent with studies in EC lacking NgBR. During vasculogenesis and remodeling, EC undergo extensive proliferation and reorganization to form a final vascular network and these signals are highly dependent on EC growth factors, VEGF and FGF. Previous work has shown that only the 230-kDa fully glycosylated form of VEGFR2 is expressed on the cell surface and transiently phosphorylated in the presence of VEGF [19] . Interestingly, recent data has shown that the level of galectin-1 in association with glycosylated VEGFR2 regulates VEGFR2 trafficking, signaling, vascular remodeling and angiogenesis in the absence of endogenous VEGF. These data in part may explain resistance to anti-VEGF therapy and support the crucial role of glycoproteins in general and VEGFR2 glycosylation in endothelial cell functions [27] . Thus, defective glycosylation of VEGFR2 and other important EC proteins such as CD31 and VE-cad in NgBR-deleted EC can explain the defects in vascular development and EC functions in NgBR-deficient mice.
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Nogo-B-independent NgBR function during embryonic vessel development
Since NgBR was identified as an interacting protein for amino portion of Nogo-B [1], we considered the interrelationship between NgBR and Nogo-B in EC during vasculogenesis. In zebrafish, either zNogo-B or zNgBR morpholino silencing caused intersomitic vessel formation defects at 24 hpf during embryogenesis [5] . In contrast, others have shown that zNogo-B depletion using morpholinos does not lead to an embryonic lethal phenotype [28, 29] . In mice, Nogo-A/B knockouts are viable, fertile, and morphologically indistinguishable from their wild-type littermates and typically exhibit phenotypes after a stressful insult [30] [31] [32] . Unlike zebrafish, NogoA/B knockout mice did not recapitulate the phenotype shown in NgBR-depleted embryos. This in vivo study suggests that Nogo-B is not required for vascular development during mouse embryogenesis. In addition, it suggests that endothelial NgBR and Nogo-B do not act as a crucial receptor-ligand pair during mouse embryogenesis. Moreover, in cell-based assays, no appreciable differences in protein glycosylation or cisPTase activity were observed in Nogo-A/B knockout cells, suggesting that the NgBR function in controlling protein N-glycosylation during embryogenesis is independent of Nogo-B.
Residual glycosylation in NgBR-deleted EC
In NgBR ECKO and NgBR iΔEC embryos, protein glycosylation defects in VEGFR2 and, to a lesser extent, in CD31 and VE-cad were clear. In addition, there was a kinetic lag between the loss of NgBR in EC, dolichol content and overt defects in VEGFR2, CD31, and VE-cad glycosylation. Direct measurement of dolichol by MS documents a marked reduction (> 70%) in NgBR ΔEC cells, and the residual dolichol is likely due to the relatively long half-lives of dolichol and dolichol phosphate. Previous work has shown that the half-life of dolichol and dolichol phosphate in lysosomes isolated from rat liver is about 120 and 32 h, respectively [33] . The half-lives for dolichol and dolichol phosphate were 100 and 171 h in brain and 52.9 and 31.0 h in liver, respectively [34] . These data indicate that dolichol and dolichol phosphate have a prolonged residence time in cells and can be utilized differentially in different cells/organs. Thus, residual dolichol after NgBR depletion in EC likely contributes to the dolichol-linked sugars required for protein glycosylation. In addition to the novo synthesis of dolichol phosphate, dolichol-P and dolichol-PP can be recycled and utilized again as lipid carriers for protein glycosylation reactions [35, 36] . In NgBR-deleted MLEC, the mRNA levels of dolichol-pyrophosphatase 1, an enzyme required for the conversion of dolichol-PP to dolichol a pivotal step in the dolichol-P recycling (Fig EV3G) , was increased, suggesting that dolichol-P recycling may be enhanced in the absence of NgBR to overcome protein glycosylation defects attributable to the loss of NgBR. Interestingly, no detectable vascular defects were observed in NgBR ECKO embryos at E9.5, whereas yolk sacs of the embryos show significantly impairments in vascular development. In parallel with the phenotype shown in NgBR ECKO , glycosylation defects in VEGFR2
were only detectable in yolk sac tissue. Many gene deletion studies reported embryonic lethality with vascular development defects, and most reports of the targeted gene deletion show both embryonic and extraembryonic vascular defects simultaneously [37] . The blood vessels of the mouse start to form in the yolk sac around at E6.5, and vasculogenesis begins within the embryo proper around at E7.5 [38] . Normal vascular structure within NgBR ECKO embryo proper could be explained by temporal difference in vasculogenesis and residual dolichol or dolichol phosphate after NgBR deletion in the cells. Despite the temporal discordance, experiments in NgBR iΔEC clearly show both embryonic and extraembryonic vessels require NgBR for normal vascular development.
Partial rescue of NgBR KO phenotypes with Dol-P Since NgBR can influence cellular cholesterol and dolichol levels, it was interesting that exogenous Dol-P rescued hypo-glycosylation of VEGFR2, CD31, and VE-cad levels and the cell surface expression of VEGFR2 and partially rescued growth and survival in NgBRdepleted EC. The discrepancy between almost complete correction of protein glycosylation and partial rescue of EC functions by exogenous Dol-P implies that there must be a kinetic lag between correction of glycosylation and rescue of complex integrated cellular functions such as growth and apoptosis. Despite these kinetic differences, the data strongly supports the critical role of NgBR in dolichol synthesis since the product of the cisPTase reaction, Dol-P, indeed rescued key phenotypes. Consistent with the previous results in CHO cells [21] , Dol-P supplementation of control EC did not affect protein glycosylation, implying that Dol-P is not rate limiting for N-glycosylation reactions. Little is known about the uptake and utilization of exogenous Dol-P, and additional experiments are clearly warranted to elucidate the mechanisms involved. In light of the results of our study, optimization of Dol-P delivery may be a new approach to the treatment of congenital disorders due to defects in dolichol biosynthesis.
Thus, our results demonstrate an essential role of NgBR in EC during mouse embryogenesis. We propose that the primary function of NgBR in EC of developing embryos is to serve as an essential subunit for cisPTase, generating dolichol for synthesis of N-glycosylation rather than Nogo-B-related functions. Understanding the hierarchy of glycoprotein synthesis in relation to the cellular pools of dolichol and the importance of dolichol metabolism and functions in mammalian cells is understudied area that may yield basic insights into this highly conserved lipid.
Materials and Methods
Generation of NgBR conditional deletion in the EC
NgBR conditional knockout targeting strategy was previously reported [4] . Generation and characterization of Tie2Cre and Chd5-CreERT2 alleles have also been reported previously [14, 39] . NgBR ECKO embryos were generated by crossing NgBR f/f females with ;Chd5-CreERT2 male. To induce Cre activity, pregnant females were given tamoxifen (0.12 mg/g body weight, Sigma T5648) by oral gavage. The morning in which a vaginal plug was found designated as E0.5. All experimental procedures were approved by the Yale University Institutional Animal Care Use Committee.
Immunofluorescence staining and histology
Embryos and yolk sacs were dissected in ice-cold PBS, fixed in 4% PFA, and permeabilized in blocking buffer (PBS with 0.1% Triton X-100, 2% BSA). Samples were stained with anti-CD31 (Pharmingen, 553370), phospho-histone H3 (Ser10) (Cell signaling 9701), cleaved caspase-3 (Cell signaling, 9661), anti-collagen IV (AbD Serotech 2150-1470), and anti-NG2 (Millipore AB5320). Images were acquired using a Leica SP5 confocal microscope with the Leica Application Suite (LAS) software.
Mouse lung EC (MLEC) isolation and culture
MLEC were isolated from 4-to 7-week-old NgBR f/f animals. Mouse lungs were excised, minced, and digested in 2 mg/ml collagenase in PBS for 45 min at 37°C. The digested lungs was passed multiple times through a 14-gauge needle and filtered through a 70-lm cell strainer. Collected cells were incubated with Dynabeads (Dynal USA) conjugated with anti-mouse CD31 antibody (Pharmingen, 553370) followed by cell sorting using a magnetic cell separator. Isolated cells were plated on 0.1% gelatin-coated dishes. When cells reached 70-80% confluency, a second immune selection was performed. Cells were cultured in 20% FBS, supplemented with MEM non-essential amino acids, gentamicin and amphotericin B, penicillin streptomycin, L-glutamine, endothelial mitogen (Biomed Tech Inc. BT-203), and heparin 100lg/ml (Sigma, H3393) in DMEM (Lonza 12-709F). All in vitro experiments were done using MLEC between passages 2 and 4. 100 MOI of Ad5CMVCre-eGFP (VVC-U of Iowa-1174) and Ad5CMVeGFP (VVC-U of Iowa-4) was infected into NgBR f/f MLCEs to generate NgBR knockout and control cells, respectively.
Proliferation and apoptosis assay on cultured MLEC
For cell proliferation, cells (1 × 10 4 cells/well) were seeded in 12-well palates and cultured. The numbers of cells were counted with a hemocytometer after trypsinization. Three or four replicates of each condition were performed in each 3-5 independent experiments. For apoptosis assays, caspase-3 activity was measured by using caspase-3 Colorimetric Assay Kit (R&D Systems, cat. n. BF3100), according to the manufacturer's instruction.
Immunoblot analysis
Cells were washed twice with ice-cold PBS and lysed in lysis buffer (50 mM Tris-HCl, 1% NP-40, 0.1% SDS, 0.1% deoxycholic acid, 0.1 mM EDTA, 0.1 mM EGTA, protease and phosphatase inhibitors). Protein extracts were separated by SDS-PAGE and then transferred to nitrocellulose membrane. Primary antibodies against NgBR (Abcam, ab168351), VEGFR2 (Cell Signaling, 2479), phospho-VEGFR2 Y1175 (Cell Signaling, 2478), CD31 (R&D system, AF3628), VE-cadherin (Santa Cruz, sc-6458), Bip (BD Bioscience, 610978), Chop (Santa Cruz, Sc575), b-actin (Sigma, A5441), and Hsp90 (BD, 610419) were used.
Cell surface protein biotinylation and isolation
Cell surface protein labeling was performed on MLEC. Cells were incubated with a 1-mM EZ-link-sulfo-NHS-S-S-biotin solution (Pierce 21331) for 30 min on ice and then washed with 50 mM glycine/PBS. Subsequently, cells were harvested in lysis buffer and cell lysates were incubated with NeutrAvidin Protein agarose beads (Pierce 29200) at 4°C for 2 h. The beads were then washed three times in lysis buffer prior to addition of Laemmli buffer for immunoblot analysis.
Quantitative RT-PCR E9.5 yolk sac was dissected and lysed in RLT buffer (Qiagen). Total RNA was extracted using RNeasy mini kit (Qiagen). RNA was reverse-transcribed to cDNA using the SuperScript III First-Strand Synthesis System (Invitrogen). Quantitative RT-PCR was performed with iQ SYBR Green Supermix on the iCycler (Bio-Rad). Gapdh transcript was used as an internal control.
Dol-P supplementation
C 90 -dolichyl monophosphate was originally dissolved in chloroform/methanol (2:1, v/v). The organic solvents were evaporated under nitrogen, and the remaining Dol-P was dissolved in DMSO with 5 mg/ml stock concentration. About 50 lg/ml Dol-P in DMSO was mixed in culture media and added to cells.
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of dolichyl monophosphate from Dr. Ewa Kula-Swiezewska (Polish Academy of Science).
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